Abstract: Water soluble PEG cored dendritic hexa-acid which comprises peripheral carboxylic acidic groups were prepared via nucleophilic substitution reactions. Novel anhydrous proton conducting electrolytes were prepared by incorporation of the heterocyclic protogenic solvent imidazole (Im) into PEG cored dendritic hexa acid, (PEG-HA), at several molar ratios of Im to -COOH units of PEG-HA. The complexation of PEG-HA and Im was illustrated by infrared spectroscopy (FT-IR). The materials are thermally stable up to 150
Introduction
Anhydrous proton conducting gel electrolytes are becoming crucial due to their application in electrochemical devices such as supercapacitors and electrochromic devices [1, 2] . Recently, several water-free proton conductors were produced either through doping of basic polymers with strong acid, i.e., H 3 PO 4 [3] [4] [5] or acidic polymers with heterocycles such as imidazole or benzimidazole [6] [7] [8] . Both systems have already been shown to possess high proton conductivity in the dry state. It is very well known that the success of the ion conducting electrolytes under water-free conditions is expected to depend strongly on the nature of the host matrix and the charge carrier. Especially, polymer electrolytes which comprise ethylene oxide (EO) units with various molecular architectures were considered to be most promising solutions in terms of electrical properties [9] [10] [11] . In that context, anhydrous PEO/H 3 PO 4 complexes were reported to have maximum proton conductivity of 4 ×10 −5 S/cm at room temperature and 3×10 −4 S/cm at 50
• C in the absence of moisture [12] . The conductivity isotherms of the PEO/H 3 PO 4 system follow VTF behavior which indicated a positive contribution of the polymer segmental relaxations to proton conductivity. Przyluski et al. studied PEO-PMMA-H 3 PO 4 host-guest systems where the materials exhibited a maximum conductivity of 2.7 × 10 −2 S/cm at 50 • C [13] .
Scheme 1 Synthesis of PEG cored dendric hexa ester and corresponding hexa acid and PEG-HA1Im (b).
In the present work, A newkome type dendron, di-tert-butyl 4-(2-(tert-butoxycarbonyl)-ethyl)-4-aminoheptanedioate [14] , was coupled with freshly prepared PEG dicarboxylic acid chloride [15] . Formed PEG coored dendritic hexa ester was hydrolysed to obtain proton conducting dendritic gel electrolytes consisting of an acidic group, PEG cored dendritic hexa acid, which is abbreviated as PEG-HA (Scheme 1). Later different ratios of imidazole were doped into the PEG-HA and their thermal and proton conductivities were investigated.
Experimental

Materials
All chemicals and solvents are reagent grade and used without further purification, unless otherwise indicated. Polyethylene glycols (600 g/mol), Nitromethane, 1,2-Dimethoxy ethane and tert-butylacrylate were from Fluka. Raney Nickel catalyst (Al-Ni alloy 50% w/w), triton-B, triethylamine, thionylchloride were obtained from Merck, methanol (imibn) was prepared according to literature [14] . Reactions were monitored by thin layer chromatography (TLC) on silica gel 60 F254 (E. Merck, Darmstadt) and spots were detected either by UV-absorption or by charring with I2 vapor. Dialysis was performed by Spectrum membrane filtration having MWCO 1KD, 2KD and 3KD in water.
Synthesis of PEG-HA
To a stirred solution of di-tert-butyl 4-(2-(tert-butoxycarbonyl) ethyl)-4-aminoheptanedioate (1.74 g, 4.2 mmol) and Et 3 N (0.43 g, 4.2 mmol) in dry THF was added freshly prepared PEG diacetylchloride (1.31 g, 2 mmol). The mixture was stirred first for 30 min at 0
• C and then 6 h at 25
• C. The solution was first filtered to remove the Et 3 N salt, and then the excess Et 3 N and solvents were evaporated to obtain the crude product. The product was dialysed in Methanol by using a membrane with a Molecular Weight Cut Off (MWCO): of 1 KD to afford (75%) of pure PEG hexaester as viscous oil (Scheme 1). Then 1 g of this dendritic ester was hydrolysed in 5 mL of formic acid at room temperature for 12 hours. After evaporation excess formic acid and formed tert-butanol, subsequent PEG-HA was obtained quantitatively without further purification. 
Measurements
NMR spectra were recorded on an Inova 500 MHz Varian system spectrometer using solutions of CDCl 3 . The IR spectra were recorded with a Mattson Genesis II spectrophotometer by casting the gels onto silicon wafers. Thermal properties of the gel electrolytes were studied by Thermogravimetry analyses (TGA) using a Mettler-Toledo TG-50 and Differential Scanning Calorimetry (DSC) using a Mettler-Toledo DSC 30. All the thermal measurements were carried out at a temperature scanning rate of 10 • C/min and under a nitrogen atmosphere. Proton conductivity of PEG-DA-Im mixed gels was measured using a SI 1260-Schlumberger impedance analyzer. The measurements were carried out in the Max-Planck Institute for Polymer Research Mainz-Germany. The gels were placed between platinum electrodes and their conductivities were measured within the frequency range from 1 Hz to 1 MHz at various temperatures.
Results and discussion
Water soluble PEG cored dendritic hexa acid which comprises peripheral carboxylic acidic groups were prepared via a nucleophilic substitution reaction. First Newkome type three branched dondron, (di-tert-butyl 4-amino-4-(3-tert-butoxy-3-oxopropyl)heptanedioate), was synthesized [14] . This dendron was successfully coupled with freshly chlorinated PEG dicarboxylic acid [15] . The subsequent hexaester was hydrolyzed from the esteric groups to make it water soluble. The 1 H NMR spectra of the PEG-HA is shown in Figure 1 . Possible carboxylic protons could not be observed due to a dimerization effect due to H bonding betwen the carboxylic acids. However amidic protons at 4.09 ppm, dendritic protons at 1.85 and 3.69 ppm respectively, and repeating units protons of PEG at 2.19 ppm were correlated with previous studies [14] [15] [16] . 1 H NMR spectra of PEG-HA
The solutions of PEG-HA and Im were cast onto the poly(tetrafluoroethylene), PTFE, plates and the solvent was evaporated to produce PEG-HAxIm dendritic electrolytes. The materials were in gel form irrespective to composition and very hygroscopic. Figure 2 shows the Infrared (IR) spectra of pure PEG-HA and PEG-HA-Im mixed materials after blending. As the analytical bands, pure dendritic electrolyte gives a broad peak arround 3300-3200 cm −1 due to amide NH and free acidic OH and a strong peak near 1717 cm −1 due to C=O stretching of the terminal carboxylic acid and 1632 cm −1 due to amide C=O. Subsequent to blending, a new broad peak appears at 1653 cm
and the intensity of the carbonyl stretching at 1720 cm −1 decreased for x=0.5 and completely disappeared when x=1. This new peak arises from the asymmetric stretching of deprotonated carboxylic acid units. Also, a medium peak became clear at 1300 cm −1 due to in plane deformation of C-O-H in both blends. These results show that the proton transfer reactions between PEG-HA and Im form complexes and the final structure can be illustrated as in Scheme 1b. Thermal properties of the gel electrolytes were investigated for both thermogravimetry and differential scanning calorimetry. Prior to measurements all the samples were dried under vacuum and the experiments were performed under nitrogen atmosphere. PEG-HA x Im (x=0.5 and x = 1) complexes exhibited a thermal stability up to 150
• C (Fig. 3) .
The weight loss above this temperature can be attributed to decomposition of the gel electrolytes. Figure 4 shows the DSC traces of PEG-HAxIm electrolytes. The T g of the PEG-HA0.5Im is -4
• C and that of PEG-HA1Im is -22
• C. Shifting of the T g can be attributed to the softening effect of Im as described in our previous work [7] . It is clearly seen that a single phase model is a reasonable assumption for anhydrous PEG-HAxIm complexes. Figure 5 displays the frequency and temperature dependence of the alternating current AC conductivity (σ ac ) of PEG-HA1Im. The curves comprise broad frequency independent conductivity plateaus which shift toward higher frequencies with increasing temperature. The direct current, DC, conductivities (σ dc ) of the samples were estimated from the AC conductivity plateaus according to previous literature [8, 10] . The temperature dependences of the proton conductivity of the PEG-HAxIm are illustrated in Figure 6 . All the dentritic electrolytes showed a positive temperature-conductivity dependency within the temperature range of the measurements. The curved conductivity isotherms were explained with the Vogel-Tamman-Fulcher (VTF) equation Eq. 1.
where σ o is the conductivity at infinite temperature, k Boltzman constant, B and T o are empirical parameters. The VTF fits are inserted in Figure 6 (dot lines) and the fit parameters are listed in Table 1 . The proton conductivity of anhydrous PEG-HAxIm electrolytes improved through in- corporation of Im. The conductivity difference between PEG-HA0.5Im and PEG-HA1Im is more pronounced at lower temperatures and approaches each other at higher temperatures. In this system conductivity increase was found to depend on the glass transition temperature rather than imidazole volume fraction [5, 17] . This is proved by plotting σ dc versus T-Tg and presented in Figure 7 . It is reasonable that the proton transport may occur by two routes, that is, the proton transport between imidazole units through protonic defects (free nitrogen) and ethylene oxide units of the oligomer groups that the proton interacts with through hydrogen bonding. FT-IR of PEG-HAxIm confirmed the partial protonation of imidazole from the "free" nitrogen side. The proton exchange reactions between neighboring protonated and unprotonated imidazoles is described by structure diffusion (Grotthuss mechanism) where imidazole acts as proton donor and acceptor in the conduction process [18] . The protonic defects may cause local disorder by forming a hydrogen bonded network, i.e., Him-(HimH+)-imH), which enhance long range proton transport. Similar mechanisms were reported for other studies, i.e., Polymers have been doped with amphoteric heterocyclic structures such as imidazole [19, 20] , benzimidazole [21] and pyrazole [22] .
Maximum conductivity of the blends based on poly(acrylic acid)/imidazole is 1 × 10 −3 S/cm at 120 • C [7] and alginic acid/imidazole is 2 × 10 −3 S/cm at 160 • C [6] . The current system PEG-HA1Im showed a maximum proton conductivity of 10 −3 S/cm at 120
The use of imidazole in dendritic acid PEG-HA increased the concentration of defects and enhanced the proton conductivity. The physical properties (conductivity and elas- ticity) of this system may allow for practical applications to electrochromic devices [23] and supercapacitors [24] .
Conclusion
New proton conducting dendritic electrolytes based on PEG cored dendritic acid, PEG-HA and Im were synthesized by means of complexation. Thermogravimetry analyses indicated that these materials are thermally stable up to 150 • C. Differential scanning calorimetry results proved that the organic electrolytes are homogeneous and amorphous. From IR spectra and conductivity isotherms, it can be concluded that proton conductivity occurs through structure diffusion (Grotthuss mechanism). Anhydrous dendritic electrolytes present relatively high proton conductivity of 1 × 10 −3 S/cm at 120 • C. Our future work will focus on the dendrimers comprising EO cores and heterocyclic peripheral units.
